Comparisons of Picornavirus-induced Modifications of the Distribution of
Radioactive Choline among Cytoplasmic Lipid Macromolecules (Accepted 31 August 1982) SUMMARY Radioactive choline was incorporated by HeLa cells into a characteristic distribution of choline-associated lipid macromolecules when cytoplasmic extracts are centrifuged in discontinuous sucrose gradients. The proportional distributions of radioactivity among three peaks in the gradients were altered by infecting the HeLa cells with rhinovirus type 2 and 14, or with poliovirus. Poliovirus infection induced similar distributions of radioactivity in both LLCMK2 and HeLa cells with the greatest radioactivity increase in peaks nearest the tops of the gradients. When the LLCMK2 ceils were infected with echovirus 12, the major increase in choline-associated radioactivity was in a peak near the middle of the gradients, in a pattern of distribution that was more similar to that of rhinovirus-infected HeLa cells than to poliovirusinfected LLCMK2 cells. Radioactive glucosamine-labelled, cytoplasmic macromolecules were distributed differently from those labelled with choline in both infected and uninfected cultures, and infection by all four virus strains sharply decreased glucosamine-associated radioactivity in the gradients, suggesting that the synthesis of glucosamine-and choline-containing structures are under different cytoplasmic controls. When these results are taken together with the findings of clearly different patterns of distribution of choline-associated radioactivity in gradients prepared from uninfected HeLa and LLCMK2 cells labelled at 37 °C, and the closer similarity between them when labelled at 34 °C, it appears that choline-containing lipids can have specific temperature-regulated processes in different cell types, and that different viruses may have common and selectively specific modifying effects on the synthesis of cytoplasmic lipid macromolecules.
Poliovirus infection stimulates the synthesis of phospholipid macromolecules in cytoplasmic membranes (Cornatzer et al., 1961; Penman, 1965; Mosser et aL, 1972b) , and membranes isolated from infected cells contain newly synthesized virus products (Caliguiri & Tamm, 1970) which have been implicated in viral processes (Putnak & Phillips, 1981 ; Yin, 1977) , and have been identified (Mosser et al., 1972a) with the cytoplasmic membranes seen by electron microscopy to proliferate in cells infected with a number of picornaviruses (Dales et al., 1965; Kawana & Matsumoto, 1971; Amako & Dales, 1967; Skinner et al., 1968) . Although the ultrastructural appearance of the proliferating membrane-bound vesicles is the same for all picornaviruses thus far described, no comparisons have been made of the characteristics of cytoplasmic, membrane-associated macromolecules isolated from cells infected with picornaviruses other than from those infected with poliovirus.
The present report describes evidence that different picornaviruses have different, virusspecific as well as common modifying effects on cytoplasmic lipid macromolecules labelled by the incorporation of radioactive choline or glucosamine.
Monolayer cultures of HeLa cells ('Rhino HeLa') were grown in modified McCoy's medium 5a, supplemented with 10% calf serum, plus penicillin (100 units per ml) and streptomycin (100 ~tg/ml). Monolayer cultures of LLCMK2 cells, a continuous line of monkey kidney cells, were grown in Eagle's minimal essential medium with 6% serum and the same antibiotic supplements as for the H eLa cells. Poliovirus type 2 (p 712-ch 21b) was propagated in HeLa cells at 37 °C and was also adapted to replicate in LLCMK2 cells to the same virus titres as in HeLa 0022-1317/83/0000-5196 $02.000 1983 SGM cells by three serial passages of cell-associated virus, followed by plaque purification and subsequent further propagation of virus stocks in LLCMK2 cells. Echovirus 12 (Travis strain) had been continually propagated in monolayers of LLCMK2 cells at 37 °C. Human rhinoviruses types 2 and 14 were propagated in HeLa cell monolayers incubated at 34 °C. Stocks of frozen and thawed viruses were clarified by centrifugation at 1000g for 10 min and the clarified preparations were stored at -20 °C until used to infect cell monolayers in the experiments to be described.
For infection and cell fractionations, groups of 6 monolayer cultures (in 100 × 20 mm plastic Petri dishes) were infected by adsorbing virus for 1 h at 23 °C at multiplicities of 20 to 40. A multiplicity 10-fold higher did not cause any appreciable difference in the distributions of choline-associated radioactivity in fractions of the discontinuous sucrose gradients as described below. Virus-infected cells were incubated for time periods sufficient to reach 1 to 1.5 h beyond maximum cell-associated virus production in a single cycle of virus multiplication (determined in preliminary experiments for each virus) because this time in the virus replication cycle permitted the harvesting of maximum amounts of other virus products as well. Serum concentrations were reduced to 1 ~ for maintenance medium for all virus-infected cultures. pH]Choline chloride (sp. act. 500 mCi/mmol) and [3H]glucosamine (sp. act. 500 mCi/mmol) were each used at 3 gCi/ml, and were added to each culture 30 min before the end of the incubation periods. After this, the cultures were drained, the dishes were pressed into crushed ice to stop further incorporation of radioactive isotopes, monolayers were washed twice with icecold phosphate-buffered saline (PBS) (Dulbecco & Vogt, 1954) , once with reticulocyte standard buffer (RSB) (Caliguiri & Tamm, 1969 ) and the cells were scraped up in 5 x 10 -s M-MgClz, in which the cells were allowed to swell before disruption with a Dounce homogenizer. Nuclei and cell debris were separated by centrifugation at 900 g for 10 min and the mitochondria were removed by centrifugation at 11000g for 10 min. The supernatant was then fractionated by centrifugation in discontinuous sucrose gradients which were adapted from previously described methods (Bosmann et al., 1968; Caliguiri & Tamm, 1969 ) to a 5 ml vol. for each centrifuge tube. The volumes and concentrations of sucrose were as follows: 0-5 ml 60 ~, 0.9 ml 45~o, 0.8 m140~, 1.8 ml sample in 30~, 0.9 m125~ and 0.4 ml RSB. Samples were centrifuged at 27000 rev/min for 13 to 16 h in a Spinco SW50L rotor and fractions were collected dropwise through punctures in the bottoms of the centrifuge tubes. Each fraction was diluted with ice-cold PBS, precipitated by making a final concentration of 10~ ice-cold trichloroacetic acid (TCA), collected on fibreglass (Whatman, GF/C) or Millipore filters, washed twice with 5~ TCA, and radioactivity measured with a liquid scintillation counter.
For estimating the lipid content of the TCA precipitates, the filters were cut into halves, placed into glass vials containing 10 ml of either ethanol :ether (3 : 1, v/v) (Penman, 1965) or 10~ TCA, extracted with gentle shaking in a 55 °C water bath for 30 min and remaining radioactivity in each filter piece was measured. Selected gradients prepared from uninfected HeLa and LLCMK2 cells were examined for ultraviolet absorbance at 260 nm in a Beckman spectrophotometer.
To ascertain whether picornaviruses other than poliovirus could cause modifications of radioactive choline-labelled HeLa cell cytoplasmic membranes as had been previously described (Mosser et al., 1972b) , HeLa cells were infected with poliovirus or with rhinovirus type 2 or 14. Cells were incubated at appropriate temperatures and for times required to give maximum yields of virus products, permitted to incorporate radioactive isotopes for 30 min and harvested. Cytoplasmic extracts were prepared, fractionated by centrifugation in discontinuous sucrose gradients, and TCA-precipitable radioactivity measured.
The results of choline labelling of HeLa cells infected with poliovirus and two rhinoviruses are compared in Fig. 1 (a, b and c) . It is apparent that uninfected HeLa cells incubated at 37 °C produce a single sharp peak of choline-associated, TCA-insoluble radioactivity near the lowest part of the gradients, at fraction 2 (called the L-peak). There is also a shoulder at fractions 4 and 5 (the middle or M-peak), and a minor peak at fraction 9 (the top or T-peak). These peak distributions of radioactivity in the gradients were reproducible in three separate experiments, and are similar to those reported previously (Mosser et al., 1972a) for larger volume gradients. 
Short communications
The peak fractions of radioactivity were near the centres of three of five visible light-scattering bands whose positions in the gradients are identified in Fig. 1 (a) by the dark horizontal bars near the top of the figure. The L-and M-peaks also coincided with two absorbance peaks. In some experiments these were displaced by one fraction from the peaks of radioactivity, suggesting that the choline labelling is not associated with the rough endoplasmic reticulum, since light of this wavelength is expected to be absorbed by cytoplasmic ribosomes (Darnell, 1968; Freifelder, 1976) . Radiolabelled ribosomal RNA and aggregates of ribosomes were previously identified with peaks of choline-associated radioactivity in corresponding, but larger fractions of similar gradients of HeLa cells (Bosmann et al., 1968; Caliguiri & Tamm, 1970; Amako & Dales, 1967) . Infecting with rhinoviruses types 2 or 14 ( Fig. l b and c) , also increased overall choline incorporation, compared with uninfected controls (dashes), though this increase was less than that caused by poliovirus. However, while the distributions of choline among peak fractions were similar for the rhinoviruses, with the M-peak containing the largest increase in cholineassociated radioactivity, the distributions were easily distinguished from that found with poliovirus-infected cells; these produced the greatest increase in the T-peak. When rhinovirus type 2 was examined at 9 h post-infection, and type 14 at 6.5 h, the proportional distributions of radioactivity more closely resembled the controls, with minimal labelling of the T-peak. However, there was some variation in the fraction distributions of peaks of radioactivity in the gradients, as for example can be seen in Fig. 1 (b) (compare with Fig. 1 a and c and Fig. 2a to e) by the displacement of all the peaks by one fraction towards the top of the gradient.
When distributions of radioactivity among controls which had been incubated at 37 °C and 34 °C are compared ( Fig. 1 a with b and c) , it is clear that the reduced temperature decreased overall choline incorporation. There is increased proportional distributions of cholineassociated radioactivity in the same fractions of the gradients which are increased by infecting with poliovirus and rhinoviruses, namely the M-and T-peaks, with the largest increase in the Mpeak at the lower temperature. In the Fig. 1 (c) control, the L-and M-peaks are virtually the same, while in Fig. 1 (b) the proportion in the peak fractions of L is approximately 1.4 that of M, while incubation at 37 °C always produced ratios of L to M of close to 3 : 1. These findings therefore support the previously reported conclusions that virus-induced lipid synthesis occurs in constitutive membranes (Mosser et al., 1972b) . However, the suggestion of the rough endoplasmic reticulum as the site of origin seems less likely in view of the disparity found in the present studies between the fractions containing the absorbance peaks and the peaks of cholineassociated radioactivity. The physiological cause of the temperature-related differences in distributions of choline-associated radioactivity in the gradients prepared from HeLa cells also remains to be investigated.
Since poliovirus and rhinoviruses induced changes in choline-associated radioactivity distributions in gradients prepared from HeLa cells, it seemed important to investigate whether a similar response occurred in other virus--cell combinations. Therefore, LLCMK2 cells were infected with either poliovirus or echovirus 12, a haemagglutinating picornavirus, and the effects of the viruses on the distributions in gradients of choline-associated radioactivity was determined as it was for the HeLa cells. From the results depicted in Fig. 1 (d and e) , it is evident that while the distributions of choline-associated radioactivity in the uninfected LLCMK2 cells differs from that of uninfected HeLa cells, by having three relatively even peaks of TCAprecipitable radioactivity at 37 °C, after infection with poliovirus the choline-associated radioactivity was increased mainly in the T-peak, and with some increase in the M-peak, very similar to the effect of poliovirus on HeLa cells (Fig. 1 a) . The major difference in the effect of poliovirus on the two cell types appears to be the rather sharp decrease in radioactivity found in the L-peak of LLCMK2 cells. Infecting LLCMK2 with echovirus 12 resulted in diminution of the L-peak of radioactivity, as with poliovirus. However, echovirus 12, in contrast to poliovirus, caused the major increase in radioactivity in the M-peak, similar to the effects of rhinoviruses on HeLa cells. It remains to be determined whether poliovirus produces distributions of cholineassociated radioactivity similar to that of rhinoviruses when incubated at the rhinovirus optimal growth temperature of 34 °C. choline-associated radioactivity in discontinuous sucrose gradients of uninfected LLCMK2 cells 6-5 h after changing medium and incubating at either 34 °C or 37 °C. Preparation of specimens was the same as for Fig. 1 (a) . The continuous line shows radioactivity at 34 °C, the broken line radioactivity at 37 °C. (b) Distribution of [3H]glucosamine-associated radioactivity (3 ~tCi/ml for 30 min) in discontinuous sucrose gradients of LLCMK2 cells 6.5 h after infection with echovirus 12 at 37 °C. Preparation of specimens was the same as for Fig. 1 (a) . The continuous line shows radioactivity in uninfected control cells, the broken line that in infected cells. (c) Distribution of pH]glucosamine-associated radioactivity in discontinuous sucrose gradients of LLCMK2 cells 5 h after infection with poliovirus at 37 °C. Preparation of specimens was the same as for Fig. 1 (a) , symbols as in Fig. 2(b) . (d) Distribution of [3H]glucosamine-associated radioactivity in discontinuous sucrose gradients of HeLa cells 5 h after infection with poliovirus at 37 °C. Preparation of the specimens was the same as for Fig. 1 (a) , symbols as in Fig. 2(b) . (e) Distribution of [3H]glucosamine-associated radioactivity in discontinuous sucrose gradients of HeLa ceils 9-5 h after infection with rhinovirus type 14 at 34 °C. Preparation of the specimens was the same as for Fig. 1 (a) , symbols as in Fig. 2(b) .
t~ From Fig. 1 (e) it may also be seen that the peaks of radioactivity, of absorbance, and the coincidence of these peaks with visible light-scattering bands occurred in positions virtually identical to the gradients with HeLa cells, and suggests a close similarity in the structures obtained in these gradients from each cell type. Also, with the LLCMK2 cells, the peaks of u.v.-absorbing material were, in some experiments, displaced from the peaks of radioactivity, as they were with HeLa cells. Further similarities between the structures in HeLa and LLCMK2 cells were indicated by the extraction by ethanol : ether of 65 to 75 ~ of the radioactivity in the filtertrapped TCA-precipitates, none of which was soluble with more TCA. However, in contrast to HeLa cells, incubation of uninfected LLCMKz cells at 34 °C for 6.5 h before labelling with choline, and extracting and fractionating, led to an overall reduction in choline incorporation, but the proportional distributions among peak fractions remained nearly the same as when incubated at 37 °C (Fig. 2a) . Another cell culture type, mouse L cells, yielded distributions similar to the LLCMK2 cells with no differences in proportional distributions of cholineassociated radioactivity among peak fractions in discontinuous sucrose gradients whether the cultures were labelled at 34 °C or 37 °C.
Hexosamine has also been isolated from HeLa cells with the smooth membrane fractions, as glycoprotein in about one twelfth of the proportion of phospholipid to protein (Bosmann et al., 1968) , and cellular glucosamine-associated macromolecules have been found to bind tightly to the capsids of selected picornaviruses (Halperen et al., 1973) . It was therefore of interest to determine whether radioactive glucosamine-associated macromolecules would occur in the same or different structures as those labelled with radioactive choline, and whether these distributions might be affected differently by different picornaviruses. LLCMK2 cells and HeLa cells were labelled with [3H]glucosamine under the same conditions as for choline, and the cells were fractionated as in the previous experiments. It is evident from the results shown in Fig. 2 (b) that glucosamine-associated radioactivity does not concentrate in the same fractions as the radioactive choline-labelled lipids from either uninfected or infected LLCMK2 cells. It was found, rather, as a polydisperse material, with most of it near the middle of the gradients, and was very sharply reduced by infection with echovirus 12. Poliovirus infection of LLCMK2 cells also severely diminished the glucosamine labelling material in the gradients (Fig. 2c) . Results comparable to those found with echovirus 12 and poliovirus-infected LLCMK2 cells were also obtained with glucosamine-labelled HeLa cells infected with poliovirus (Fig. 2d) or with rhinovirus type 14 (Fig. 2 e) , with marked reduction in the glucosamine-associated radioactivity in the gradients in response to infection with either virus.
Reducing the temperature of incubation from 37 °C to 34 °C did not appear to change significantly the distributions of glucosamine-associated radioactivity in HeLa cells except to reduce the total amount incorporated (compare control cells in Fig. 2d and e) , again indicating a consistent difference between the glucosamine and choline-containing structures in HeLa cells. The effect of reduced temperature on glucosamine incorporation into LLCMK2 cells was the same as with HeLa cells, with reduced temperature only reducing the total amount of incorporation, with no appreciable change in distribution of radioactivity in the gradients (not shown).
The results of these experiments support several conclusions. Firstly, picornaviruses, in general, cause increased incorporation of lipid precursors into cytoplasmic structures containing lipid macromolecules which can be fractionated by centrifugation in discontinuous sucrose gradients into three peaks. Secondly, different picornaviruses cause different as well as common modifications among choline-containing cytoplasmic macromolecules, but all cause diminutions of glucosamine-containing cytoplasmic material. Thirdly, because of this virus-induced diminution, and since uninfected cells of this study, and those described in a previous report (Bosmann et aL, 1968) , indicated little glucosamine in the choline-containing membranous structures, it is likely that there is little glucosamine in the choline-containing cytoplasmic structures which increased in response to infection with picomaviruses. However, since glucosamine has been shown to be contained in cytoplasmic structures which are precursors of plasma membrane glycolipids (Lodish et al., 1981) , the reduced glucosamine incorporation is likely to be part of the general phenomenon of virus-induced increased cellular permeability, which is a characteristic of the morphological cytopathic effects following viral infection.
